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Edited by Miguel De la RosaAbstract Chitooligosaccharide oxidase (ChitO) catalyzes the
oxidation of C1 hydroxyl moieties on chitooligosaccharides
and in this way displays a diﬀerent substrate preference as com-
pared to other known oligosaccharide oxidases. ChitO was iden-
tiﬁed in the genome of Fusarium graminearum and a structural
model revealed that one active site residue (Q268) was likely
to be involved in the recognition of the N-acetyl moiety on the
chitooligosaccharide substrates. The substrate speciﬁcity of wild
type ChitO and the Q268R mutant were examined and con-
ﬁrmed that Q268 is indeed involved in N-acetyl recognition.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Most of the known carbohydrate oxidases are primarily ac-
tive with mono- and disaccharides and contain an FAD cofac-
tor [1]. Some well-characterized examples are glucose oxidase,
hexose oxidase and pyranose oxidase [2–4]. Glucose oxidase
exhibits high selectivity for b-D-glucose which is oxidized into
D-glucono-1,5-lactone. Hexose and pyranose oxidase have a
more relaxed substrate selectivity. Hexose oxidase catalyzes
the regioselective C1-oxidation of several mono- and disaccha-
rides into the corresponding lactones while pyranose oxidase
catalyzes the oxidation of a variety of pyranose- and furanose
monosaccharides at the C2 or C3 position.
So far, only a few oxidases primarily active with oligosac-
charides have been described. Two recent examples are lactose
oxidase (LAO) from Microdochium nivale [5] and glucooligo-
saccharide oxidase (GOOX) from Acremonium strictum [6].
Both these fungal oligosaccharide oxidases are most active
with cellooligosaccharides and exhibit no or very poor activity
with other carbohydrate derivatives such as methylated and N-
acetylated glucopyranosides [5,6]. LAO and GOOX belong to
the vanillyl-alcohol oxidase (VAO) family of ﬂavoproteins.
Members of this family share a similar overall structure con-Abbreviations: ChitO, chitooligosaccharide oxidase; MBP, maltose
binding protein; HRP, horseradish peroxidase; GlcNac, N-acetyl-D-
glucosamine
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doi:10.1016/j.febslet.2007.09.019sisting of two domains [7]. One domain, the FAD-binding
domain, binds the adenine part of the FAD cofactor while
the other covers the isoalloxazine moiety of the cofactor and
forms the major part of the active site. Recently, the crystal
structure of GOOX from A. strictum was elucidated which re-
vealed that the FAD cofactor is covalently bound via a bi-
covalent FAD-protein linkage. It also provided a structural
explanation for the observed speciﬁcity towards oligosaccha-
rides as the oxidase contains a relatively open active site with
a carbohydrate binding groove, facilitating binding of oligo-
saccharides [8]. The structure also suggests that GOOX prefers
a b-D-glucosyl residue at the reducing end of the substrate and
that modiﬁcations at C1, C2 and C6 such as N-acetylation and
phosphorylation are not possible due to the lack of space.
In this study we report on the discovery of a novel VAO-type
oxidase which is primarily active with chitooligosaccharides:
chitooligosaccharide oxidase (ChitO) from Fusarium graminea-
rum. The present work also includes a model-inspired muta-
genesis study which has revealed a crucial role of one speciﬁc
active site residue for recognition of N-acetylated carbo-
hydrates.2. Materials and methods
2.1. Materials
Restriction enzymes were obtained from Roche and New England
Biolabs. Pfu DNA polymerase was obtained from Stratagene and
Escherichia coli ORIGAMI was obtained from Novagen. N,N 0-diace-
tyl-chitobiose (chitobiose), N,N 0,N00-triacetyl-chitotriose (chitotriose),
N,N 0,N00,N000-tetraacetyl-chitotetraose (chitotetraose), cellotriose and
cellotetraose were obtained from Toronto Research Chemicals, North
York, Canada. Horse radish peroxidase was obtained from Fluka. All
other chemicals were of analytical grade.
2.2. Homology analysis and structure modelling
PSI-BLAST searches were performed in the non-redundant genome
database of the NCBI. Homologues of GOOX were identiﬁed and
models were made using the CPH-model server [9]. The ClustalW tool
was used to produce multiple sequence alignments (www.ebi.ac.uk/
clustalw/).
2.3. Cloning and expression of chito and site-directed mutagenesis
For construction of the pBAD-MBP-chito vector the chito gene was
ampliﬁed from a F. graminearum cDNA library ([10], obtained from
the Fungal Genetics Stock Center) and cloned into a pBAD-MBP vec-
tor. The latter is a pBAD/myc-His A derived vector in which the malE
gene including a factor Xa protease cleavage site from pMAL-c2x has
been cloned (NdeI–HindIII) [11]. For this, the following primers were
used: m-ChitO_fw (5 0-TTCTAGAATGGTCCCGACCAAGCGCGA-
A-3 0, XbaI is shown in underlined text) and m-ChitO_rv (5 0-GTCT-
AGAACTAAGCCTTAGGCTTAATAGACTGA-3 0, XbaI is shownblished by Elsevier B.V. All rights reserved.
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cloning, 3 0A-overhangs were generated by incubating the ampliﬁed chi-
to gene with 1 ll of Taq DNA polymerase at 72 C for 15 min. The
TOPO-chito clone was digested with XbaI after which the chito gene
was isolated from an agarose gel. The chito gene was subsequently
ligated into an XbaI digested pBAD-MBP vector yielding pBAD-
MBP-chito.
The Stratagene QuikChange Site-Directed Mutagenesis Kit was
used to conduct site-directed mutagenesis. The following primers were
used: chitoQ268R_fw (5 0-CCTGCCGAGATCACCATGCGCA-
TG-GGTGTCTCTAAGAACG, mutation is underlined) and
chitoQ268R_rv (5 0-CGTTCTTAGAGACACCCATGCGCATGGT-
GATCTCGGCAGG, mutation is underlined) which yielded pBAD-
MBP-chitoQ268R.
2.4. Expression and puriﬁcation of wild type and mutant MBP-ChitO
E. coli ORIGAMI cells were transformed with pBAD-MBP-chito
and pBAD-MBP-chitoQ268R and grown in LB medium supplemented
with 50 lg/ml ampicillin, 15 lg/ml kanamycin, 12.5 lg/ml tetracycline
and 0.4% (w/v) L-arabinose at 17 C for 3 days. Wild type and mutant
ChitO were expressed fused to the C-terminus of maltose binding pro-
tein, separated by a linker with a factor Xa protease cleavage site. The
MBP-ChitO fusion protein will be referred to as m-ChitO. The cells
were harvested by centrifugation and resuspended in 50 mM KPi buf-
fer, pH 7.6. Cell free extract was prepared by sonication and centrifu-
gation. The enzymes were puriﬁed by a Q-sepharose puriﬁcation step
and concentrated by ultraﬁltration using a YM-30 membrane (Milli-
pore). m-ChitO elutes from the column during washing with 50 mM
KPi buﬀer, pH 7.6.
2.5. Analytical methods
All experiments were performed at 25 C and in a 50 mMKPi buﬀer,
pH 7.6. The absorbance spectrum of puriﬁed m-ChitO and Q268R m-
ChitO was recorded before and after addition of 0.1% (w/v) SDS. The
extinction coeﬃcients of puriﬁed m-ChitO and Q268R m-ChitO were
determined using the extinction coeﬃcient of 6-S-cysteinyl bound
FMN (e445 = 11.6 mM
1 cm1): 11.6 and 12.3 mM1 cm1, respec-
tively.
Steady-state kinetic parameters were determined by coupling H2O2
production to a horseradish peroxidase (HRP) mediated oxidation of
4-aminoantipyrine and 3,5-dichloro-2-hydroxybenzenesulfonic acid.
The formation of the resulting pink coloured product can be followed
at 515 nm (e515 = 26 mM
1 cm1). The reaction mixture contained
50 mM KPi buﬀer, pH 7.6, 0.1 mM 4-aminoantipyrine, 1 mM 3,5-di-
chloro-2-hydroxybenzenesulfonic acid, 3 units HRP and 20 or 23 nM
m-ChitO wild type or Q268R mutant, respectively.
For product identiﬁcation, the conversion of lactose by m-ChitO
was followed by HPLC analysis using a Shodex SUGAR SP0810
(8.0 mm ID · 300 mm) column.Fig. 1. Spectrum of native wild type m-ChitO (solid line) and unfolded
wild type m-ChitO upon addition of 0.1% SDS (dashed line).3. Results and discussion
By a sequence homology search using GOOX, we identiﬁed
35 homologues of GOOX and LAO. Sequence alignment of
these homologues revealed a clustering of GOOX and LAO
with 6 fungal homologues (Supplementary material). We se-
lected one of these putative oxidases (XP_391174) which was
found in the genome of F. graminearum. The corresponding
gene encodes a 499 amino acids protein which shares, respec-
tively, 39% and 45% sequence identity with the LAO and
GOOX protein sequences. The conservation of the two respec-
tive FAD linking residues indicates that this putative oxidase
contains a covalently linked FAD cofactor. Furthermore, the
5 0 end of the gene is predicted to encode a 25 amino acid signal
sequence targeting the putative oxidase for extracellular local-
ization. The respective gene was isolated from cDNA libraries
of F. graminearum using PCR. The obtained gene was cloned
into a pBAD expression vector. For obtaining high yields of
active protein it was required to express the protein fused tothe C-terminus of maltose binding protein in E. coli ORI-
GAMI. Expressing the protein without maltose binding pro-
tein or using Saccharomyces cerevisiae and Pichia pastoris as
expression hosts was not successful.
From a 1 L culture, approximately 40 mg of m-ChitO could
be puriﬁed. Analyzing m-ChitO with SDS–PAGE revealed
that the FAD cofactor is covalently linked to the protein as ﬂa-
vin ﬂuorescence was observed upon incubating the protein gel
in 5% acetic acid and placing it on a UV bench. Puriﬁed m-
ChitO runs as one band upon SDS–PAGE at about 97 kDa
which agrees well to a calculated mass of 94.9 kDa (including
FAD and 43.3 kDa for MBP). The enzyme displays a typical
ﬂavin spectrum, with absorbance maxima at 446 and 385 nm
(Fig. 1). Addition of 0.1% SDS resulted in a ﬂavin spectrum
which is similar to the spectrum observed for unfolded berber-
ine bridge enzyme [12], which also contains a bicovalently
bound FAD cofactor.
To determine the substrate speciﬁcity of this putative oxi-
dase, 86 compounds were tested (supplementary material).
Only N-acetyl-D-glucosamine (GlcNac; glucosamine which is
N-acetylated at the C2 position) was shown to be accepted
as substrate. No signiﬁcant activity was observed with all other
tested carbohydrates (at 50 mM). Oxidase activity with only
GlcNac was unexpected since the homologous oligosaccharide
oxidases, GOOX and LAO, are active with non-derivatized
mono- and oligosaccharides. The substrate speciﬁcity was fur-
ther investigated using a wide range of carbohydrates (Fig. 2).
The oxidase clearly shows the highest catalytic eﬃciency with
chitooligosaccharides (Table 1); hence we named this enzyme
chitooligosaccharide oxidase (ChitO). Chitooligosaccharides
are composed of GlcNac units which are linked through b-
1,4-glycosidic bonds. A well known natural polysaccharide
of GlcNac is chitin, which occurs in e.g. fungal cell walls and
insect exoskeletons. As is shown in Table 1, the KM value with
GlcNac is 21-fold higher as compared to chitobiose, whereas
the KM values with chitobiose and the larger chitooligosaccha-
rides, chitotriose and chitotetraose, are similar. It appears that
for optimal substrate binding at least two GlcNac units are
needed as the catalytic eﬃciency increases signiﬁcantly going
from GlcNac to the disaccharide chitobiose. Longer chitooli-
Fig. 2. Substrates which were tested with wild type and Q268R m-ChitO.
Table 1
Steady state kinetic parameters for m-ChitO
Substrate m-ChitO wild type
kcat (s
1) KM (mM) kcat/KM (M
1 s1)
GlcNac 6.4 ± 0.063 6.3 ± 0.28 1016
Chitobiose 6.3 ± 0.11 0.30 ± 0.02 21000
Chitotriose 6.3 ± 0.083 0.26 ± 0.013 24230
Chitotetraose 6.3 ± 0.12 0.25 ± 0.019 25200
Glucose 4.0 ± 0.13 752 ± 36 5
Cellobiose >0.6 >50 19
Cellotriose 2.2 ± 0.13 75 ± 7 29
Cellotetraose >0.7 >20 22
Lactose 4.6 ± 0.14 192 ± 9.2 24
Maltose 7.6 ± 0.56 332 ± 52 23
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chitobiose. This shows that the change in KM is solely respon-sible for the change in catalytic eﬃciency, indicating that sub-
strate aﬃnity plays an important role. The same trend is
observed with glucose and the b-1,4-glucooligosaccharides
(cellooligosaccharides), where the catalytic eﬃciency increases
by a factor of 4 going from glucose to the disaccharide cellobi-
ose. For all substrates, the measured kcat values are in the same
range as is typically found for other oxidases [1,11]. HPLC
analysis using lactose as substrate revealed that m-ChitO per-
forms selective oxidation of the C1 hydroxyl group of the sub-
strate yielding lactobionic acid as product.
The recently elucidated crystal structure of GOOX has pro-
vided a clear view on the mode of binding of the reducing end
of the inhibitor 5-amino-5-deoxy-cellobiono-1,5-lactam (ABL)
in the active site [8]. Binding of N-acetylated carbohydrates at
the C2 position appears to be sterically hindered in GOOX by
the presence of an arginine residue (R270). This suggests that
in ChitO this part of the active site should be structurally
DDG ¼ RT  ln ðkcat=KMÞwtðkcat=KMÞQ268R
 !
ð1Þ
Fig. 3. Active site close-up of the ChitO model (A) and GOOX (B; PDB 2AXR) with ABL bound. The Q268 of ChitO and R270 of GOOX are
indicated. The arrow points towards the hydroxyl group in ABL that is an N-acetyl function in GlcNac.
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test this hypothesis, a structure of ChitO was modelled based
on the structure of GOOX after which the active site of GOOX
was compared to the modelled active site of ChitO. From this
structural alignment, Q268 is located at the equivalent position
of R270 in GOOX. This suggests that Q268 is probably impor-
tant for recognition of the N-acetyl moiety in ChitO substrates
(Fig. 3). The N-acetyl function can be accommodated and
form a hydrogen bond with the Q268 amide via the carbonyl
oxygen of the N-acetyl moiety.
To conﬁrm the predicted role of Q268 in substrate recogni-
tion in ChitO, the Q268R mutant was prepared. The spectral
properties of the Q268R mutant were similar to those of the
wild type enzyme with absorbance maxima at 447 and
383 nm. It was found that the mutation has a drastic eﬀect
on the KM for all substrates (Table 2). The KM values de-
creased in case of the cellooligosaccharides, glucose, maltose
and lactose whereas the KM values increased in case of GlcNac
and the chitooligosaccharides. Interestingly, the kcat values
were hardly aﬀected, indicating that the mutation primarily af-
fects substrate aﬃnity. This is conﬁrmed by calculating the
changes in binding energy (DDG) from the kcat/KM values for
wild type and Q268R m-ChitO using Eq. (1) (Table 2). For cel-Table 2
Steady state kinetic parameters for m-ChitO Q268R
Substrate m-ChitO Q268R mutant
kcat (s
1) KM (mM) kcat/KM
GlcNac 9.8 ± 0.39 128 ± 10.6 77
Chitobiose 9.4 ± 0.30 0.88 ± 0.12 10,682
Chitotriose 11 ± 0.25 1.5 ± 0.12 7333
Chitotetraose 11 ± 0.25 1.3 ± 0.10 8462
Glucose 7.4 ± 0.35 182 ± 18 41
Cellobiose 6.7 ± 0.44 22 ± 3.3 305
Cellotriose 6.7 ± 0.082 6.5 ± 0.24 1031
Cellotetraose 6.6 ± 0.22 20 ± 1.4 330
Lactose 5.6 ± 0.11 13 ± 0.89 431
Maltose 9.3 ± 0.23 31 ± 2.5 300
aThis is the kcat/KM of m-ChitO Q268R divided by the kcat/KM of m-ChitOlotriose, for example, this yields a value of 8.9 kJ/mol, which is
in the range of the binding energy of one hydrogen bond.
This nicely agrees with Q268R m-ChitO being able to form
one H-bond between the C2 hydroxyl moiety of the substrate
and R268.
The DDG values for the chitooligosaccharides are not as
large as the DDG values found for the cellooligosaccharides.
This again indicates that good binding of the substrate is not
only depending on the interaction between the reducing end
of the oligosaccharides and m-ChitO but also on the second
and possibly the third and fourth carbohydrate unit in the oli-
gosaccharides. This suggests that ChitO evolved in such a way
that it also recognizes the N-acetyl moieties of the non-reduc-
ing carbohydrate units in the chitooligosaccharides. The
Q268R mutant of m-ChitO displays a poorer binding of
GlcNac as compared to the chitooligosaccharides, which indi-
cates that the mutant can probably compensate for this by
recognizing and binding the remaining N-acetyl moieties on
the chitooligosaccharides. Unfortunately, a structure of an(M1 s1) Eﬀect of mutationa DDG (kJ/mol)
0.08 6.3
0.5 1.7
0.3 3.0
0.3 3.0
8 5.2
16 6.9
36 8.9
15 6.7
18 7.2
13 6.4
wild type.
ChitO           259 KGMPAEITMQMG-VS-KNGYSVDGAYIGDEA
GOOX            261 NTMPRELSMRL--EINANALNWEGNFFGNAK
LAO             261 WVAPREVNFRIGDYG-AGNPGIEGLYYGTPE
Homolog 1       264 GGMPEEMNMRV--LGDRSGTQLQGQYFGNAT
Homolog 2       266 GNMPKEMNMRV--FGSPSQTQLQGLYHGSSS
Homolog 3       263 EQMPAELNMRL--FITRQFANLEGMYWGNKT
Homolog 4       266 KTMPAELNMRL--FIARRFVNLEGLFYGDKE
Homolog 5       264 NTQPPELNMRL--FVGRN--QFTGVYYGNRT
Fig. 4. Multiple sequence alignment of chitooligosaccharide oxidase
homologues using ClustalW. The following amino acid sequences
were used: ChitO (XP_391174) from Fusarium graminearum, GOOX
(AAS79317) from Acremonium strictum, LAO from Microdochium
nivale, homolog 1 (XP_001228846.1) from Chaetomium globosum,
homolog 2 (XP_958513.1) from Neurospora crassa, homolog 3
(EDK05984.1) from Magnaporthe grisea, homolog 4 (XP_
001225045.1) from Chaetomium globosum and homolog 5
(EAT84320.1) from Phaeosphaeria nodorum. The position of the
glutamine which is expected to be involved in C2 N-acetyl function
recognition is indicated (*), conserved residues are indicated in black
boxes and conserved substitutions are indicated in gray boxes.
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substrate, which could clarify this issue, is not available. For
both the wild type and mutant m-ChitO it was observed that,
based on the kcat/KM values for cellobiose and maltose, the
enzyme shows no preference for either b-1,4-glycosidic bonds
or a-1,4-glycosidic bonds.
In this paper we report on the cloning, expression and char-
acterization of an oligosaccharide oxidase that oxidizes a class
of carbohydrates which is not accepted by known oxidases:
chitooligosaccharides. Also, this study nicely demonstrates
that it is possible to modify the substrate preference of m-
ChitO by a single mutation in the active site. The observation
that one amino acid can have such an inﬂuence on the sub-
strate preference shows that functional annotation based on
sequence homology should be performed with great care.
Based on these ﬁndings we searched for more closely related
chitooligosaccharide oxidases in the available genome
sequence databases. PSI-BLAST searches using ChitO as query
resulted in a clade of 8 homologues of which ChitO is the only
sequence which contains a glutamine at the position forN-acet-
yl recognition. All other sequences, including GOOX and
LAO, have an arginine residue at this position (Fig. 4 and Sup-
plementary material). This indicates that ChitO would be the
only homologue with chitooligosaccharide oxidase activity
which makes it an interesting target enzyme for further studies
regarding the physiological role of this enzyme and possible
industrial applications based on this novel oxidase.
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